In this paper, we present a simulation study of electrically asymmetric capacitively coupled radio-frequency hydrogen discharges using the hybrid plasma equipment model operated at the combined frequencies of 10 and 20 MHz. We find that, in such discharges, field reversals cause ionization near the electrodes during the sheath collapse. In the case of the investigated asymmetric voltage waveforms, the field reversals are asymmetrically distributed over the sheaths, which causes asymmetric ionization and density profiles. The asymmetry of these profiles can be controlled by the phase angle between the two frequencies. As a result, the possibility to control the ion energy independently from the ion flux via the electrical asymmetry effect (EAE) is reduced in discharges displaying strong field reversals, as the asymmetric field reversals compensate the electrically induced asymmetry. The reason for this is understood by an analytical model. Furthermore, we demonstrate, that the EAE can be restored by the addition of specific gases to a pure hydrogen discharge.
Introduction
For many technological products, from microchips over panel displays to solar cells, the controlled manipulation of surfaces is an important production step. Capacitively coupled radiofrequency (rf) discharges are often used to induce surface processes like the etching of structures or the deposition of thin films. In order to control the process efficiency and the quality of the processed surfaces, the independent control of the ion flux to the surfaces and the ion bombarding energy is desired. Dual-frequency discharges with two substantially different frequencies are frequently used to achieve this independent control [1] [2] [3] [4] [5] . In these discharges, the independent control of ion energy and ion flux is limited by frequency coupling [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] and secondary electrons [16] , however.
Another method, which has been proposed, is the electrical asymmetry effect (EAE) [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] . It allows to adjust the dc self-bias and, therefore, the sheath voltages and the ion energy without affecting the plasma density and, consequently, the ion fluxes to the surfaces. This is most conveniently done by combining a fundamental frequency with its second harmonic. By adjusting the phase angle between the two frequencies, one can influence the symmetry of the voltage waveform and the discharge. The applicability of this effect has been shown in various gas mixtures and Johnson et al recently succeeded in manipulating the characteristics of Si : H films with this method [35] .
Investigations on electronegative [33, 36] and secondary electron driven discharges [16, 34] have shown that the electron heating mechanisms and the associated ionization dynamics have a significant impact on the symmetry of the discharge and the applicability of the EAE. In this work, we investigate the influence of field reversals which lead to ionization near the electrode surfaces during the sheath collapse [37] [38] [39] [40] [41] [42] [43] [44] [45] [46] and can potentially alter the sheath properties and the symmetry of the discharge. Field reversals will occur, if the electron motion to the electrodes is hindered, and an electric field, which accelerates the electrons towards the electrodes is needed to balance the positive ion flux on time average. Thus, field reversals are favoured by a high electron collisionality and mobile ions. Hydrogen discharges display both, so field reversals appear frequently in hydrogen discharges. Since hydrogen is also part of many gas mixtures used in surface processing, hydrogen discharges are the subject of this paper. • .
We conduct a simulation study of electrically asymmetric hydrogen discharges using the hybrid plasma equipment model (HPEM) [47] [48] [49] by Mark Kushner. These simulations are carried out at a pressure of 100 Pa. By comparing different voltage amplitudes between 150 and 500 V, under which the amount of ionization caused by field reversals differs, we systemically study the effect of field reversals on electrically asymmetric discharges, and employ an analytical model to identify the mechanisms behind this. First, we present the part of the theory behind the EAE which is necessary to understand the influence of field reversals. This will be followed by a short description of the simulation methods. Next, the electron heating and ionization mechanisms in electrically asymmetric hydrogen discharges will be presented, and the effect on the dc self-bias and the control of the ion energy will be discussed. As industrial applications usually use gas mixtures, we briefly discuss the addition of other gases, in this case silane and helium as two gases with substantially different characteristics, to hydrogen discharges before finally drawing conclusions.
The electrical asymmetry effect
The EAE has already been discussed in detail in several publications, a good overview can be found in [28] . So in this work, we only highlight the parts which are necessary to understand the influence of field reversals.
If the voltage drop across the bulk and the floating potentials can be neglected, the dc self-bias, η, is given by
η depends on the maximum,φ max , and minimum,φ min , of the applied voltage waveform. Note, that the voltages are normalized to the amplitude of the applied voltage waveform. The symmetry parameter, ε, is given by:
Here, φ g,p,max denotes the maximum sheath voltage, respectively, for the grounded and powered sheath, A g,p the electrode areas,n g,p the mean ion densities in the sheaths at the moment of maximum sheath expansion and Q g,p,max the maximum positive space charges in the sheaths, which are reached at the moment of maximum sheath expansion. I sg,p are the sheath integrals whose values depend on the shapes of the ion densities in the sheaths. Reference [18] discusses the sheath integral thoroughly. Briefly, the sheath integral can theoretically be in the range between 1 and 2, and is bigger the steeper the ion density increases towards the bulk. Typically,
Ifφ max = −φ min , a dc self-bias only develops, if ε = 1. Externally this is most commonly done by differently sized electrodes. On the other hand, if ε = 1, a dc self-bias can be induced by voltage waveforms with different absolute values ofφ max andφ min . Such waveforms,φ(t), are for example given by [17, 18] 
whereφ 0 is the voltage amplitude, f the fundamental driving frequency and θ a fixed, but adjustable phase angle between the two sines. Tuning θ gives us control over η [18] . This is known as the EAE. This control over η translates into a control over the mean ion energy at the electrode, usually by a factor of 2, while the ion flux is constant, which has been successfully demonstrated by various simulations and experiments. However, internal processes such as strongly localized ionization can alter the sheath properties and therefore ε, which may be phase-dependent. If this is the case, an increasing ε as a function of θ in the range 45
• θ 135
• leads to a bigger control range, a decreasing ε to a smaller one.
Setup of the simulation
In our simulations of pure hydrogen discharges, the fundamental driving frequency, f , is 10 MHz and the neutral gas pressure is 100 Pa. We use voltage amplitudesφ 0 of 150, 260, and 500 V. The phase angle θ is varied between 45
• and 135
• . We use an idealized mesh with two opposing electrodes with a separation of d = 1.4 cm and a radius of 10 cm ( figure 1 ). There is a dielectric pump port in front of the outer metal side wall to ensure a geometric symmetry. We still observe a small geometric asymmetry, however, which is caused by a capacitive coupling to the side metal wall [50, 51] . This asymmetry causes a shift of the bias towards more negative values, so effectively ε < 1 in otherwise symmetric cases. The electron density shown in figure 1 is peaked at the edge, but otherwise uniform in radial direction. The peak is caused by two mechanisms: first, the electrical field will be enhanced at the boundary between the metal electrodes and the dielectric wall. Second, a sheath also develops between the plasma bulk and the dielectric wall, so at the edge two perpendicular sheath motions overlap, resulting in an effective diagonal sheath motion with a higher sheath velocity. Both mechanisms lead to an enhanced heating of the electrons and ionization.
We use the HPEM by the group of Mark Kushner [47] [48] [49] along with the incorporated hydrogen chemistry. This 2D simulation tool consists of several modules which address different physical phenomena such as particle transport or particle collisions. Reference [47] gives a good overview of the modules along with the used equations, so here we will only present the module choices we made for our simulations. We make use of the fluid kinetics Poisson module (FKPM) to address the particle transport, temperatures and reactions of heavy particles and electric fields, and the electron energy transport module (EETM) to obtain the electron energy distribution functions and electron impact source functions. Within the FKPM, the electron fluxes are calculated using a drift-diffusion approximation. This is justified by the high collision frequencies compared to the driving frequency of 10 MHz. The ion transport, on the other hand, is governed by the momentum balance equation. The temperature of neutrals is kept constant at 300 K. For their transport, a diffusion approximation was used, resulting in an effectively constant gas background of the feed gas H 2 . Since we do not expect electrodynamic effect at these frequencies, the electric potential and fields are obtained by solving Poisson's equation. In the EETM, we opt for the electron Monte Carlo simulation. We also use a Monte Carlo simulation, which gives the effective ion temperature and transport coefficients, to treat the H + 3 ions, since kinetic effects cannot be ignored due to the high mobility of these ions. Due to their negligible densities, we do not carry out Monte Carlo simulations for H + 2 and H + , but employ the energy balance equation instead. This need not be the case in the sheaths of capacitively coupled rf discharges due to the collisionally induced dissociation of H + 3 . This cannot be properly addressed in fluid models because of the stark energy dependence of these reactions. However, simulations and experiments have shown, that H + 3 remains by far the dominant ion in the sheaths at similar pressures [52] [53] [54] . Secondary electrons are not taken into account, as their influence on electrically asymmetric discharges has already been investigated [34] and we want to be able to clearly distinguish between the effects of field reversals and secondary electrons. The electron reflection coefficient at the electrodes was set to 0.1.
To calculate the sheath voltages, sheath integrals, charges and mean ion densities in the sheaths, the sheath widths have to be known. They are calculated using
with the sheath width s, the electrode distance d, and the electron or ion density n e,i , respectively [55] . We use radially averaged values of the densities in this equation. It should be noted, that in the presented cases, this criterion is not always applicable, due to the presence of negative space charges during the field reversals, which can lead to a negative value of the integral on the right-hand side. If this is the case, the sheath width and connected parameters are set to zero. 
Results

Electron heating and ionization in electrically asymmetric hydrogen discharges
Let us first discuss the electron power absorption and ionization dynamics in electrically asymmetric hydrogen discharges. Figure 2 shows spatio-temporal plots of the electron power absorption at 100 Pa for a voltage amplitude of 260 V and three different phase angles. In all cases, we observe both electron heating during the sheath expansion and during the sheath collapse. The heating during the sheath expansion is caused by the interaction of the electron ensemble with the expanding sheath; electrons, which have diffused into the sheath region during the sheath collapse are driven back into the bulk and accelerated. The heating during the sheath collapse is caused by field reversals. These field reversals occur, because the electrons cannot reach the electrodes by diffusion alone, as their motion is hindered by collisions. However, the ion flux to the electrodes has to be balanced, so an electric field, which accelerates the electrons towards the electrodes, develops. The reversed electric field is accompanied by a region of negative space charges. This process is visualized in figure 3 for the powered sheath with θ = 45
• . Qualitatively, the evolution of the electric field and the charge density show good agreement with the measurements in [43] .
Due to the asymmetric voltage waveform, the electron heating by field reversals can be highly asymmetric, i.e. different in front of each electrode, dependent on the phase angle. At a phase angle of 45
• , only the sheath collapse on the powered side displays a significant field reversal, while it is the other way around at a phase angle of 135
• . In between, exemplary at a phase angle of 90
• , field reversals can be seen in both sheaths and are more or less evenly distributed. So starting at a phase angle of 45
• , the field reversals shift from being concentrated on the powered side to an even distribution and finally to being concentrated on the grounded side at a phase angle of 135
• . Figure 4 shows the voltage waveform for a phase angle of 45
• . Two maxima and two minima can be identified. However, only one of the two maxima has a significantly positive value; the other one is zero. On the other hand, the two minima have both significantly negative values. As a consequence, there is only one sheath collapse at the powered electrode, but two at the grounded [25] . Thus, at the grounded side, the total electron flux over one rf-period is distributed over two sheath collapses, resulting in two rather weak field reversals. On the powered side, the whole electron flux over one rf-period has to reach the electrode in only one sheath collapse which is consequently characterized by a strong field reversal. This is a consequence of the different time intervals, during which electrons can reach the respective electrodes. A shorter time interval necessitates a higher current density j 0 , which results in a higher field strength E for the reversed electric field in accordance with [43] 
for the collisional case with the elementary charge e, the ion density n i , and the electron mobility µ e . If the phase angle is now changed to greater values, the waveform will first become more symmetric and then show a reversed asymmetry. As a result, the field reversals on the powered side will become weaker and the ones on the grounded side stronger until the exact opposite is reached at a phase angle of 135
• . In the presented cases, the field reversals in the powered sheath are stronger than their equivalents in the grounded sheath due to the geometric asymmetry. We also observe a dependence of the field reversal strength on the amplitude of the applied voltage (figure 5). At low voltages the electron heating by the sheath expansion still exceeds the one by the field reversal. If we raise the voltage amplitude, the electron heating by the field reversal will be more pronounced and finally surpass the electron heating by sheath expansion. This happens, because higher voltage amplitudes shorten the time interval, in which the sheath voltage is low enough for electrons to reach the electrodes ( figure 6 ). This necessitates a higher electron current density to balance the ion current and, therefore, a higher reversed electric field to drive this electron current. Since both the electron current density and the electric field strength is increased, the electron heating during the field reversal will naturally be enhanced.
As figure 7 shows, the asymmetrically distributed field reversals lead to asymmetric ionization profiles. The amount of ionization in the powered sheath, that is in the region between the powered electrode and the mean sheath width, decreases as a function of the phase angle, while the amount of ionization in the grounded sheath increases ( figure 8) . Furthermore, the overall amount of ionization in the sheaths also depends on the voltage amplitude. The chosen voltage amplitudes give us three cases: at 150 V, ionization in the bulk region dominates over the ionization in the sheaths, the intermediate voltage amplitude of 260 V yields similar amounts of ionization in the bulk and in the sheaths, and finally, the ionization in the sheaths dominates at the highest voltage amplitude of 500 V.
As a direct consequence of this, the ion fluxes to the electrodes are now dependent on the phase, qualitatively showing the same dependence on the phase as the ionization in the sheaths ( figure 8 ). There is also a second effect, that contributes to the phase dependence of the ion fluxes; since hydrogen ions have a small mass, they can follow the timedependent electric field to a certain extent in contrast to heavier ions such as argon. This leads to temporally modulated ion fluxes ( figure 9) ; the ion flux is high during the sheath expansion and low during the sheath collapse. At a phase angle of 45
• , the powered sheath collapses once and is effectively expanded over about three-thirds of the rf-cycle, resulting in a long time interval of high ion fluxes to the powered electrode. At a phase angle of 135
• , the powered sheath collapses twice and is effectively expanded for only about one quarter of the rf-cycle, leading to a much smaller time interval of high ion fluxes. Consequently, the temporally averaged ion fluxes to the powered electrode are higher for 45
• . The temporal dependence of the ion flux is particularly pronounced at high voltage amplitudes.
Symmetry parameter and dc self-bias in electrically asymmetric hydrogen discharges
As figure 10 shows, ε is a decreasing function of θ with a range depending on the voltage amplitude. The range is bigger, the higher the voltage amplitude, i.e. the more ionization is caused by the field reversals. This ionization influences ε in two ways. First, it directly alters the ion density profile and, therefore, the ion mean densities and the sheath integrals; secondly, it indirectly affects the maximum charges in the sheaths via the charge dynamics. Let us first discuss the changes in the ion density profiles. Figure 11 shows the temporally and radially averaged axial ion density profiles for 45
• with different voltage amplitudes. As we can see, the ion density in the sheath, which shows no significant ionization (the grounded at 45
• and the powered at 135 • ), monotonously increases towards the bulk. On the other hand, the ionization inside the sheaths causes the ion density to be rather constant at low voltage amplitudes and even showing an elevation in front of the electrode at higher voltage amplitudes. Usually, such structures would flatten due to diffusion. In these cases, the diffusion towards the bulk is hindered by the electric field • and φ 0 = 500 V.
in the sheaths, so the ions pile up in front of the electrode. This elevation does not occur at low voltage amplitudes, as the ion source in the sheath competes with an effect known as self-amplification of the EAE [18] . This causes the ion density in the sheath with the higher mean sheath voltage to decrease more rapidly and has been observed in low-pressure argon discharges. As hydrogen ions are more mobile, this effect is still observed at higher pressures in hydrogen. So without the additional ion source in the sheath, the ion density would show a steeper gradient in the powered sheath than in the grounded sheath for θ = 45
• . The self-amplification also leads to the phase-dependent bulk location seen in figure 11 , as the steeper ion density gradients necessitate a bigger maximum sheath width, even if the maximum sheath voltages are equal, as is the case forφ 0 = 150 V. In the case of high voltage amplitudes, the bulk displacement shows a different behaviour as a result of the elevated ion densities and a phase-dependent ε = 1. The ion source provided by the field reversals counteracts the selfamplification, leading to the either rather constant ion densities or the elevation in front of the electrode. This difference in the ion density profiles in the sheaths causes the part of the symmetry parameter ε, which describes the ion density profile, (6) to turn from an increasing function of θ at low voltage amplitudes (self-amplification dominates) to a decreasing one at higher voltage amplitudes (ionization in the sheaths dominates) ( figure 12 ). The interested reader can find a more detailed and separate discussion of I sg /I sp andn g /n p in the appendix.
The ratio of the maximum charges in the sheaths,
2 , is also a decreasing function of θ ( figure 13 ).
2 shows a different qualitative behaviour than for the higher voltage amplitude by displaying a linear decrease. This is caused by the axial distribution of the space charge at the moments of maximum sheath expansion, which are shown in figure 14 . Besides the obviously different maximum space charges, we see that there is a small amount of positive space charge Q g,p,min left in the respective collapsed sheaths, as at the low voltage amplitude, electrons have ample of time to overcome this barrier. Due to the different time intervals, during which electrons can reach the electrodes, these space charges differ (Q p,min < Q g,min ). Furthermore, we observe regions of negative space charges in the collapsed sheath regions Q g,p,neg , due to the field reversals. As the field reversals are of different strength, these negative space charges also differ (Q p,neg < Q g,neg < 0 C cm −3 ). As the total positive charge in the discharge is approximately constant in this case (see figure 15 (left) ), the maximum positive space charges in the expanded sheaths differ because of these two effects, as Q g,max + Q p,min + Q p,neg = Q p,max + Q g,min + Q g,neg .
Now, we will discuss the behaviour of (Q g,max /Q p,max ) 2 for the cases with higher voltage amplitudes. It displays a steep decrease between 45
• and 60
• and a more modest one for higher values of θ . The cause of this behaviour can be found in the charge dynamics. Between sheath collapses, only ions leave the discharge, so the total uncompensated charge decreases. During the sheath collapses, a lot more electrons than ions reach the electrode, resulting in a sudden increase in the uncompensated charge. In symmetric discharges, each sheath collapse and the resulting electron loss has an equivalent at the other electrode. Thus, the maximum charges in the respective sheaths, which roughly equal the total charges at the moments of maximum sheath expansion, are equal. Due to the different number of sheath collapses on the respective sides, this is generally not the case in electrically asymmetric discharges. For example, with θ = 45
• , more electrons leave the discharge during the only sheath collapse on the powered side than during each of the two sheath collapses on the grounded side ( figure 15) . If the ion loss between sheath collapses is high, this leads to a phase-dependent (Q g,max /Q p,max ) 2 which can also be observed in low-pressure argon discharges as described in [25] , which also gives a more detailed discussion of this effect. As hydrogen ions are highly mobile, we see a similar behaviour in hydrogen discharges at higher pressures. In case of high voltage amplitudes (strong field reversals), it does not decrease linearly, but shows a steeper slope between 45
Furthermore, this effect is amplified by the field reversals, as figure 15 shows. This is a consequence of the different fluxes to the respective electrodes. If the ion flux at the powered electrode is higher, as is the case for example for Figure 14 . The axial space charge profile for θ = 45
• at the moment of the maximum space charges in the respective sheaths.
θ = 45
• , the electron flux must also be higher. So in this example, even more electrons will leave the discharge during the one collapse of the powered sheath than without a strong field reversal. Consequently, the change in the total charge will be bigger compared to the changes in the total charge during the other sheath collapses, leading to a greater range over which (Q g,max /Q p,max ) 2 varies in the case ofφ 0 = 500 V in comparison toφ 0 = 260 V or to a case with no field reversals as in [25] . In hydrogen, this is enhanced by the aforementioned modulated ion fluxes at high voltage amplitudes, which lead to higher ion losses during the second half of the rf-cycle. This is especially apparent for the voltage amplitude of 500 V. Since the transition from one sheath collapse on the powered side and two on the grounded side to one sheath collapse on each side takes place between 45
• , the slope in figure 13 is bigger in this interval. (Q g,max /Q p,max ) 2 varies over a wider range than ε i (6) , so the enhanced charge dynamics are mainly responsible for the decreasing ε as a function of θ. This effect is a result of the high ion mobility, so it stands to reason that it will be more pronounced at low pressures and less pronounced at higher pressures. Furthermore, we can conclude, that field reversals are a self-amplifying phenomenon; the field reversals cause ionization in the sheaths which result in higher Figure 15 . Left: the temporal development of total uncompensated charge over one rf-period T for θ = 45
• . Right: the minimum total charge normalized to the maximum total charge as a function of the relative amount of ionization within the sheaths. (1) with ε calculated using the maximum sheath voltages given by the simulation. ion fluxes to the electrodes.
Consequently, higher electron fluxes are also needed, resulting in stronger field reversals.
The altered ion density profiles and the enhanced charge dynamics result in a limited control range of the dc self-bias ( figure 16 ) and the mean ion energy of H + 3 (figure 17) which was taken from the in situ ion Monte Carlo simulation in the last cell in front of the electrodes. The plotted values are normalized to their respective minimums to allow a direct comparison. The difference between the model and the simulated values of the dc self-bias for the 150 V case are caused by the rather low electron density and conductivity in the bulk region, which induces a significant, temporal voltage drop over the bulk, similar to a reduction of the conductivity by negative ions [33] . In combination with the phase dependence of the fluxes (figure 8), we conclude, that the application of the EAE, control of the ion energy independently from the ion fluxes, is limited in discharges displaying strong field reversals in combination with a highly dynamic uncompensated total charge.
Gas mixtures
So far we have demonstrated, that the EAE does not work well in pure hydrogen discharges under conditions, in which field reversals contribute significantly to the ionization. However, in industrial applications other gases are usually admixed to induce the desired surface processes. To investigate how the addition of other gases influences the heating and ionization mechanisms and finally the dc self-bias, we discuss now the case with a voltage amplitude of 260 V and add 1% of either silane or helium as examples of two gases with different characteristics.
Silane is much heavier than hydrogen and has a lower ionization threshold (12.2 eV) than H 2 (15.48 eV). On the other hand, the mass of helium ions is only marginally higher than that of H + 3 , and helium has a higher ionization threshold (24.58 eV). As a result, fewer helium ions are created by electron impact than silane ions, respectively, compared to hydrogen ions. To put this in numbers, the ratio of electron impact ionization of hydrogen to that of helium is about 2000, in the hydrogen/silane mixture the respective ratio is only about 30. Additionally, more helium ions than silane ions are lost to the walls due to their lower mass. To quantify this, we calculate the relative ion loss i,rel . We define i,rel as the ratio of the temporally and radially averaged ion fluxes to the respective electrodes, i,g,p , and the volume averaged ion density, n i :
The ratio of the relative loss of hydrogen ions to helium ions , the dominant hydrogen ion species, reacts efficiently with silane [56, 57] , but not with helium [58] . Thus, the hydrogen/helium mixture is dominated by hydrogen ions, while the hydrogen/silane mixture is dominated by silane ions ( figure 18 ). Figure 19 shows the electron power absorption in front of the powered electrode for θ = 45
• for a pure hydrogen discharge and the two gas mixtures. For the hydrogen/helium case, no discernible difference to the pure hydrogen case can be observed, as the discharge is in essence a pure hydrogen discharge. On the other hand, the electron power absorption caused by the field reversals is reduced in the hydrogen/silane case. This happens, because the various silane ions are much heavier than hydrogen ions, resulting in a smaller ion flux to the electrodes. This can again be quantified by the relative ion losses; in the hydrogen/helium mixture, the relative ion loss for all ion species i,rel ≈ 5 × 10 5 cm s −1 , in hydrogen/silane i,rel ≈ 5×10 4 cm s −1 . This reduces the needed compensating electron flux and, therefore, the field reversals. The same trend can be seen in the ionization profiles ( figure 20) ; in the hydrogen/silane case, the ionization peak in the sheath vanishes, while it is still present in the hydrogen/helium case. As a consequence, the dc self-bias can be controlled over a wider range in hydrogen/silane case, but not in the hydrogen/helium mixture (figure 21).
Conclusions
We have demonstrated, that field reversals can affect the symmetry of capacitively coupled radio-frequency discharges by the example of electrically asymmetric hydrogen discharges. In these discharges, the field reversals are asymmetrically distributed over the sheaths, because of the different number of the sheath collapses as a consequence of the asymmetric voltage waveform, which result in different time intervals during which electrons can reach the electrodes. The field reversals cause ionization in the sheaths which is also asymmetric. Generally, this asymmetry counteracts the electrically induced asymmetry and limits or even reverses the intended use of the EAE, control of the ion energy with constant ion fluxes. The reduced dc self-bias control range limits the control over the ion energy, while the asymmetric ionization profiles induce a dependence of the ion flux on the phase angle. This dependence is amplified by the modulated ion flux to the electrodes due to the low ion mass. This is caused by two mechanisms; first, the ionization in the sheaths directly influences the mean ion density in the sheaths and the shape of the density profile. As the ionization is asymmetric, the effect on the ion density profiles is also asymmetric, compensating the electrically induced asymmetry. Secondly, the charge dynamics limit the EAE. The high ion mobility leads to a varying total uncompensated charge and to different maximum charges in the sheaths. This is amplified by the field reversals, as the ionization in the sheaths leads to asymmetric ion fluxes and, therefore, to asymmetric electron losses during the sheath collapses at the respective electrodes. The charge dynamics have a greater impact on the dc self-bias than the altered ion density profiles, so we can conclude that a severe reduction of the dc selfbias control range only appears if field reversals dominate the ionization at high voltage amplitudes and the ion mobility is high enough to induce significant charge dynamics.
Finally, we have shown, that the addition of other gases changes the electron heating mechanisms and restores the dc self-bias control range, if the added gas is carefully chosen. In order to induce these changes, the ions generated from the added gas, have to surpass the hydrogen ions in density and have a much higher mass than the hydrogen ions. This reduces the ion fluxes to the electrodes and, consequently, the Figure 19 . Spatio-temporal plot of the radially averaged, normalized electron power absorption in front of the powered electrode for θ = 45
• and φ 0 = 260 V in different gas mixtures over one half rf-period.
needed balancing electron flux and field reversals. Apart from the higher mass, a low ionization threshold and a reaction channel with H + 3 is favourable to reduce the relative density of hydrogen ions. i.e. the ion density decreases towards the bulk in a small part of the affected sheath. This leads to the great range over which I sg /I sp varies.
n p /n g , on the other hand, is not a decreasing function of θ in these cases ( figure 23) ; for the two smaller amplitudes, it increases, and it is almost constant forφ 0 = 500 V. This seems counterintuitive to the presence of ionization in the powered sheath at small phase angles and in the grounded sheath at bigger phase angles. This is a result of the self-amplification. In figure 11 we see, that the ion density for example increases in the grounded sheath steadily towards the bulk due to the self-amplification. In the powered sheath, the self-amplification is counteracted by the ionization source which results in a rather constant ion density in the sheath and a smaller mean ion density, as a comparison of the ion densities at the maximum sheath widths shows. Increasing the voltage amplitude increases the weight of the ion source in the sheath compared to the self-amplification and yields the rather constantn p /n g forφ 0 = 500 V.
